There are different theories concerning the stability of colloidal suspensions. Most of them arise from the well-known DLVO theory which relates colloidal stability to intermolecular forces between particles. Experimental corroboration of these theories has been obtained mainly by using different optical techniques that analyze changes in the optical properties of the solution while particles aggregate. However, no attention has been paid to studying the aggregation process thermodynamically. This is why we have focussed on studying the heat released during the agglutination of polystyrene particles. The enthalpy change in this aggregation process was detected by using a highly sensitive and modern technique called isothermal titration calorimetry. In addition, some results about repeptization, that is, reversibility in the aggregation process, are also shown. C 2001 Academic Press
INTRODUCTION
The problem of the colloidal stability of mesoscopic systems has usually been studied considering the interaction energies or forces between particles dispersed in a medium (1, 2) . Most of the theories relating to the stability and the kinetics of coagulation have arisen from the DLVO theory (3, 4) , which considers the sum of van der Waals attractive forces and the electrical double-layer repulsive forces to calculate the total interaction energy between two colloidal particles. Most of the studies have mainly been focussed on the kinetics, and the characteristic magnitude that has usually been studied is the Fuchs stability factor W . However, little attention has been paid to thermodynamic aspects related to the stability of colloidal systems. As a matter of fact, after perusing specific literature, we were only able to find a couple of papers published in the last decade. One of them (5) is actually related to the energy and entropy associated with the electrical double layer, although it does not intrinsically analyze the aggregation process. The other one (6) presents a real thermodynamic formulation of coagulation. However, the study is based on statistical thermodynamics and coagulation is viewed as a "phase transition." To our knowledge, no information about 1 To whom correspondence should be addressed. the enthalpy or entropy changes ( H aggr , S aggr ) involved in colloidal aggregation processes has been reported. There exists a lack of both theoretical treatment and experimental data concerning H aggr and S aggr . This may be due to the difficulty in obtaining experimental data of the heat released during coagulation, which must coincide with H aggr . To detect this heat it is necessary to work with a highly sensitive microcalorimeter, and the sensitivity of most of the microcalorimeters currently available is not sufficient. However, thanks to recent advances in instrumentation, it is now possible to experimentally obtain H aggr by using isothermal titration calorimetry. The main goal of this work has been to present experimental data of the enthalpy changes associated with the aggregation process of a latex system (that is, polystyrene particles dispersed in an aqueous medium). On the other hand, to support the microcalorimetry results, the aggregation of the latex was also analyzed by an optical technique: photon correlation spectroscopy (PCS). The optical results gave some information on the reversibility of the coagulation process. According to the DLVO theory, the total interaction energy versus distance should in principle present two minima and one maximum. When aggregation occurs, the colliding particles overcome the maximum and come into direct contact in the infinitely deep primary minimum. But this situation is unlikely to occur since short-range effects, such as those caused by adsorbed layers of counterions (in the Stern layer), adsorbed solvent molecules, and/or some roughness in the surface, may keep particles from coming into physical contact, making the primary minimum of finite depth (7, 8) . If the primary minimum is deep enough, coagulation is usually assumed irreversible. However, if the minimum is of restricted depth, or if particles aggregate in the secondary minimum (flocculation), the aggregation process can become reversible by changing the ionic strength of the medium. This phenomenon is called repeptization (9) (10) (11) (12) . The PCS experiments were useful for checking that repeptization occurred in our latex system, provided that the salt concentration was lower than the critical coagulation concentration.
MATERIALS AND METHODS
All chemicals used were of analytical grade quality. Water was purified by reverse osmosis, followed by percolation through charcoal and a mixed bed of ion-exchange resins.
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A polystyrene latex was used as a model colloidal system. Details of its synthesis are given in Ref. (13) . The latex sample was called MP2 and its main characteristics are summarized as follows: It presents anionic groups (sulfate) on its surface. The mean diameter is 361 ± 14 nm (obtained by transmission electron microscopy), and its polydispersity index is 1.0046, so the particle size distribution can be considered extremely narrow. The surface charge density is equal to −4.8 ± 0.9 µC/cm 2 , and the critical coagulation concentration (c.c.c.) is 480 ± 40 mM, when NaCl is used as aggregating salt.
Concerning the microcalorimetric instrument, at present, there are various types of isothermal microcalorimeters available (14-17), but few have high enough sensitivity for detecting aggregation in diluted colloidal systems. Moreover, they are usually very expensive. For this reason a differential isothermal titration microcalorimeter with digital control was designed and constructed in our laboratory, adequate for such research. Instrumental, technical, and control details were given by Velázquez-Campoy et al. elsewhere (18, 19) . The information supplied by the microcalorimeter is collected in a thermogram, as show in Fig. 1 . The heat released or absorbed during any dynamic process (chemical reaction, aggregation, dilution, and so on) is related to the voltage difference ( V ) detected by a set of thermopiles, which act as a heat flux sensor. In fact, the heat is equal to the area enclosed by the V curve multiplied by a constant (called the apparatus constant, which depends only on the instrument and not on the experimental conditions). This heat coincides with the enthalpy change in the system associated with the process.
Experiments were carried out as follows: 5 ml of a nonbuffered NaCl solution was put into the measurement cell. When the thermal equilibrium was reached, 100 µl of the latex pool (16.6% in solid content) was introduced with an automatic system (Hamilton Microlab 900) and rapidly mixed with a stirrer designed and constructed in our laboratory. The duration of the experiments was set to 3.5 min, since after this time no heat flux FIG. 1. Thermograms corresponding to the global aggregation process (solid line), the latex dilution (dotted line), and the salt dilution (segmented line). NaCl concentration = 735 mM; particle concentration = 1.3 × 10 11 particles/ml. from the cell was detected, that is, the V curve returned to its original value (base line). In order to calculate the H associated with the aggregation of polystyrene particles (induced by addition of salt), it is necessary to take into account that the total heat released in the coagulation process ( H T ) results from at least three contributions: the salt dilution, the latex dilution, and the aggregation. So,
[1] Therefore, prior to obtaining H aggr one needs to perform two experimental blanks. In one, the heat is released by the dilution of the salt (when 100 µl of pure water is introduced into the cell containing 5 ml of NaCl solution). In the other, the heat is released by the dilution of 100 µl of the latex pool by addition to 5 ml of pure water. The results of a typical experiment are shown in Fig. 1 . The dilution of the salt (NaCl) is an endothermic process, H salt dilution being the most important contribution affecting the total enthalpy change. (In fact, the experimental results given by the microcalorimeter coincide with those obtained from data in the Handbook of Chemistry and Physics.) Dilution of the latex is also endothermic, although the value is not very significant. Finally, H aggr can be obtained from Eq. [1] . It is worth highlighting that although H T , H latex dilution , and H salt dilution are positive, indicating an endothermic processes, the aggregation of latex particles is an exothermic one ( H aggr < 0).
Finally, to test the size of the aggregates after the calorimetric experiments and to check repeptization phenomena, the mean hydrodynamic diameter of the colloidal aggregates was determined by PCS. Dynamic light scattering measurements were made using a Malvern 4700 system. The cell temperature and the scattering angle were set at 25
• C and 60
• , respectively. The wavelength was 488 nm (argon laser). After reproducing the same conditions as in the microcalorimeter cell (salt concentration, temperature, stirring, particle concentration, and reaction time) the latex solution was diluted 100-fold (1.02 × 10 9 particles/ml) in water prior to determining the mean size of the aggregates. This dilution is high enough to stop the aggregation kinetics during the time required for the PCS measurements.
RESULTS AND DISCUSSION
Experimental values of H aggr were obtained for the MP2 latex using NaCl as aggregating salt. In this set of experiments the latex concentration (in the cell) was 1.3 × 10 11 particles/ml. The results are depicted in Fig. 2 , and the data are shown in Table 1 . The heat released in the microcalorimeter must depend on both (i) the number of contacting particles and (ii) the depth of the potential energy curve at the distance where particles keep in contact. The H aggr increases for increasing salt concentrations up to the c.c.c. value (480 mM). At that point, the H aggr reaches a plateau, that is, the number of contacts and the depth of the potential energy curve where particles remain stuck become almost constant, since the aggregation kinetics become a typical DLCA regime (diffusion-limited clusters aggregation) where the aggregation velocity reaches a maximum value (and constant, of course). As can be seen, in addition to optical determinations, the microcalorimetric technique also allows the determination of the c.c.c. value, which coincides with that obtained by optical methods.
In order to know if aggregation occurs in a secondary minimum or in a primary one, the reversibility of the process was also studied. To do that, fragmentation of aggregates was performed to get information about their structural stability. This fragmentation was induced by the dilution of the sample in pure water, as described in the Materials and Methods section. If aggregation is reversible a fragmentation of aggregates should occur when the electrolyte concentration is significantly reduced. In that case the initial aggregation probably takes place in a secondary minimum. If dilution does not lead to such a repeptization phenomenon the aggregation can be considered irreversible, and thus, aggregated particles may be in a primary minimum. The PCS results (obtained after dilution) are shown in Fig. 3 . Below the c.c.c. value the stability of the aggregates is rather low, as dilution provokes a total fragmentation. The average diameter of the aggregates becomes equal to that of a single latex particle. It should be noticed that aggregation in a secondary minimum occurs frequently, and it cannot be a negligible phenomenon (20) . Irreversible coagulation takes place only for NaCl concentrations higher than the c.c.c. These fragmentation results do correlate reasonably well with the theoretical V (h) curves given by the DLVO, which are shown in Fig. 4 . The sodium radius was = 0.096 nm (1), and the surface potential was fit to 0 = −30.9 mV. Flocculation in the secondary minimum may occur at electrolyte concentrations lower than 480 mM because the energy barrier (the "maximum") can prevent aggregation in the primary minimum. The energy difference between the secondary minimum and the maximum is around 20 k B T (at 392 mM). This is even higher than the 10-15 k B T range, which is the minimum value where theory suggests that the onset of repulsive conditions occurs (21) (22) (23) . However, for NaCl concentrations around the c.c.c., and even higher, the particles collapse in a primary minimum, and then the stability of the aggregates become high enough to avoid fragmentation by dilution.
It is also possible to estimate the fraction of particles that aggregate in a secondary minimum ( f s ) and that of a primary one ( f p ) according to Wang (24) ,
where V = V max − V min · V max is the height of the barrier (in k B T units) and V min is the depth of the secondary minimum (also in k B T units), provided that V max > 0 and V min < 0. Using data from Fig. 4 the f p and f s values were calculated. These are shown in Table 1 . As can be seen, almost all of the particles aggregate in the secondary minimum below the c.c.c. This theoretical calculation supports the experimental results shown in Fig. 3 . In order to verify that after 3.5 min the aggregation is finished, as experimental results of microcalorimetry seem to indicate, a kinetic analysis was made. The kinetic analysis was only done for those cases where the salt concentration was higher that the c.c.c. (DLCA regime). In this case, it is possible to predict both the amount of aggregates and the number of monomers per aggregate. This was calculated by using a program designed in our department by Odriozola et al. (25) . Figure 5 shows the time evolution of the cluster-size distribution, using a Brownian kernel with k 11 = 6 × 10 −18 m 3 /s. It was found that after 80 s the number of interparticle contacts reached a constant value; thus we can conclude that aggregation is finished. This kinetic simulation allows us to make an estimation of the number of contacts after aggregation at the c.c.c. attained in our experiments, which was approximately 5.7 × 10 11 . Taking into account the heat involved in the aggregations (see data in Table 1 At 350 mM, the higher the rpm value, the higher was the heat released in the aggregation process. It should be noted that the heat absorbed during the salt dilution, which is an endothermic process with a constant value independent of the stirrer velocity (which also was experimentally checked), must be substracted from the total H (see Eq.
[1]), leading to higher H aggr (more exothermic) for increasing rotational velocities. This effect did not take place in the 550 mM set of experiments, where H aggr is not affected by the stirrer velocity. This results can be justified considering both the V (h) curves given by the DLVO theory (see Fig. 4 ) and the kinetic energy of the colloidal particles supplied by the stirrer movement. Below the c.c.c. there still is an energy barrier that tends to prevent the aggregation of the particles in the primary minimum. It is the so-called RLCA regime (rate-limited cluster aggregation), where only a fraction of the colliding particles leads to an aggregate in a primary minimum. This means that only those particles that have enough energy to overcome the barrier can collapse in the primary minimum. In this way, the energy associated with the stirrer is used (in part) in increasing the kinetic energy of the colloidal particles and the solvent molecules. However, the stirrer velocity should not affect the heat released at [NaCl] > c.c.c., as there is no barrier to take into account, and so, any two approaching particles that make contact lead to an aggregate (DLCA regime). The results shown in Figs. 6a and 6b are in accord with the above considerations.
